We report an efficiency-enhanced mid-infrared generation via optical parametric down conversion. A tandem periodically-poled MgOdoped stoichiometric lithium tantalate crystal is used to realize on-chip generation and amplification of mid-infrared radiation inside an optical parametric oscillator cavity. We achieved 21.2% conversion efficiency (24% slope efficiency), which is among the highest efficiencies for the pump-to-mid-infrared conversion, with 1064 nm Nd class laser pump. The maximum average output power at 3.87 m µ reached 635 mW with a 3.0 W pump. 188-190 (2004).
Introduction
Mid-infrared (mid-IR) radiation around 3.8 m µ is of interest for a number of demanding applications, such as gas spectroscopy, environmental monitoring, atmospheric sensing, biomedical, and mid-IR countermeasures [1, 2] . One of the most widely-used scheme for mid-IR generation is by using the optical parametric down conversion, where a pump photon with higher frequency p ω splits into two photons with lower frequencies s ω and i ω called signal and idler, respectively. However, when pumped by the most sophisticated Nd class solid state lasers at around 1064 nm, the power of idler light in the mid-IR range is limited by the low splitting ratio from the pump photon, i.e., the conversion efficiency is theoretically limited to about 1/4 even at 100% quantum efficiency [3, 4] . To increase the pump-to-mid-IR conversion efficiency, the pump lasers with lower frequencies may be used, but the performances of these lasers still need to be improved for high power applications. On the other hand, the efficiency can also be improved by extracting the residual energy from the signal light. For example, by using a cascaded optical parametric oscillator-optical parametric amplifier (OPO-OPA) process, it is possible to use the signal to amplify the idler. In the first section, the mid-IR light is generated in a similar way as the standard OPO; in the second section, the signal is used as pump to further amplify the existing mid-IR light. This method has been discussed as theoretical possibility [5] [6] [7] and experimentally demonstrated by using two independent nonlinear crystals with both synchronous [3, 6, 8] and Q-switched laser operating at 20 Hz repetition rate [9] pumping schemes. Later people found the OPO-OPA can be realized with better efficiency in a simpler setup by using a monolithic quasi-phasematching material with complex domain structures, such as aperiodic and quasi-periodic structures [10, 11] . 14.58% pump-to-mid-IR conversion efficiency has been reported and 16.6% improvement has been achieved compared to a standard OPO.
In this letter, we present an intra-cavity OPO-OPA by a single tandem periodically-poled MgO-doped stoichiometric lithium tantalate (TPPMgSLT) crystal with two cascaded domain sections. These two sections are cascaded arranged and designed to compensate for the phase mismatching for the OPO and OPA processes, respectively. No complex domain structures are involved in this case, which simplifies the manufacturing processes. 21.2% pump-to-mid-IR conversion efficiency is obtained and it shows 77.6% efficiency enhancement compared to a single OPO. This value is among the highest efficiencies of mid-IR generation presented to date, using parametric down conversion approach with 1064 nm laser pump [2, 11, 12] .
Method
To realize the phase matching for the OPO-OPA process, momentum conservation conditions for the OPO and OPA processes should be fulfilled simultaneously with the existences of the reciprocals of the two sections of the TPPMgSLT: (1) and (2) . As shown in Fig. 1 , the phase matching for the OPO-OPA process occurs at the cross-over point for the two curves of around 145 C°, which is measured to be 120 C° in the experiment. The difference between them is mainly due to the inaccuracies of the Sellmeier equation and the thermal expansion of the TPPMgSLT crystal. The angular separation of the temperature tuning curves for the OPO and OPA processes is small, and therefore a wide phase-matching bandwidth for the OPO-OPA can be expected, which is calculated to be about100 C°. Taking the plane-wave and the slowly varying envelope approximations, the parametric interaction between the amplitudes can be described by the coupling equations, under the perfect phase matching condition. 
Fabrication of the TPPMgSLT and experimental setup
The TPPMgSLT is fabricated using the electrical poling technique at room temperature from a 1 mm thick MgO:SLT wafer [14] . It is known that MgO:SLT, with large eff d , shows high damage threshold, high resistance to the photorefractive effect, high thermal conductivity, and low IR absorption, especially compared to the commonly used lithium niobate. Furthermore the nonstoichometric defect is significantly reduced in MgO:SLT, and therefore it leads to a reduction of coercive field by ~1 order of magnitude and facilitates the electrical poling of large aperture crystals with a good uniformity of domain structures. These characteristics collectively make MgO:SLT a promising material for the high efficiency frequency conversions at high power levels. Owing to the high intracavity power density inside a high-Q OPO cavity and the advantage of MgO:SLT, high efficiency can be expected. As shown in Fig. 2 , the width of OPO section is 2 mm wider than the OPA section so that we can independently test the single OPO operation. The TPPMgSLT has the lengths of 24 mm and 19 mm for the OPO and OPA sections, respectively. And the total length of the crystal is about 44 mm. The two end faces are optically polished and coated for antireflection at 1064, 1400-1500, and 3800-4200 nm. The crystal is embedded in an oven whose temperature is controlled with accuracy of 0.1 C ±° for stable operation. The OPO-OPA apparatus is schematically shown in Fig. 2 . We use a 100-mm-long linear OPO cavity, with concave cavity mirrors M1 and M2 of 100 mm radius. Both of them are high-reflection coated (R>99%) for 1400-1500 nm to provide high-Q singly resonance for the signal, anti-reflection coated for 3800-4000 nm and anti-reflection coated for 1064 nm and 1650 nm to reduce unwanted resonances. The pump light is from a diode-pumped Nd:YAG laser working at 1064 nm, with repetition rate of 5 kHz and pulse duration of 40 ns. The pump beam is focus onto the crystal with a beam diameter of 200 m µ , and it matches well with the waist of the cavity mode that is calculated to be180 m µ . A high-pass filter is used to split the pump and idler beams for the measurements.
Experimental results and discussion
We first characterized the OPO process while only the OPO section was illuminated by the pump beam. As shown in Fig. 3 , a conversion efficiency of 12% and a slope efficiency of 14.5% could be calculated, that was 43.6% of quantum-limited performance. The oscillation started with a threshold below 500 mW and we obtained the maximum output power of 360 mW with 3 W pump. The thresholds for the pump power density of OPO and OPO-OPA processes could be calculated by solving the coupling Eq. (5), (1 ) 4
where s R and L were the equivalent reflectivity of the signal light and the length of the OPO section, respectively. The measured threshold power densities of the two processes were about 4 MW/cm 2 , which were on the same order of calculated values of 1.5 MW/cm 2 . Fig. 3 . Measured mid-IR output power of the single OPO and the OPO-OPA versus pump power at 120 C°.
Later, we moved the transverse position of TPPMgSLT so that the OPA section could take part in the nonlinear interaction. The temperature dependence of OPA was shown in Fig. 4 , bymeasuring the output power of 2 s ω . The measured FWHM bandwidth of OPO-OPA process was about 50 C°, which was resulted from the broad phase-matching bandwidth as discussed in section 2. At the phase matching temperature of 120 C°, we measured the spectrum of the outputs using a spectrum analyzer (ANDO AQ-6315A). As shown in Fig. 5 , the peaks at 1468 nm and 1187 nm were for s ω and the second harmonic of 2 s ω , respectively. From that, we could easily calculate the wavelengths of 2 s ω and i ω to be 2374 nm and 3847 nm respectively, which agreed well with the designed values in Eqs. (3) and (4) . The output at other wavelength could not be recorded because of the limited response range of the spectrum analyzer. We also measured the dependence of mid-IR output power on pump power (Fig. 3) . The OPO-OPA showed a similar threshold as the single OPO, but with much higher slope efficiency due to the existence of intracavity OPA process. When the pump power reached 3 W, the measured power of idler was 635 mW. The conversion and slope efficiencies for mid-IR light were 21.2% and 23.52%, respectively. Compared to the single OPO, the OPO-OPA presented 76.4% improvement on the conversion efficiency and 65.6% improvement on the slope efficiency. The improvement was attributed to the extra gain in the OPA process. The high intensity signal light could be generated inside the high-Q OPO cavity, which served as pump of OPA process in the same cavity. According to the last formula of Eq. (5), the gain of OPA could be given by:
where s E was the electric field of the signal light in the condition of steady state. The gain of OPA process could be calculated about -1 0.6 cm g = from Eq. (6), which was measured to be -1 0.5 cm g = in a well agreement. 
Conclusion
In conclusion, we have demonstrated an efficiency enhanced mid-IR generation based on OPO-OPA using TPPMgSLT. A maximum conversion efficiency of 21.2% has been achieved, which corresponds to 77% of the quantum-limited (27.5%) performance for this pulsed OPO-OPA setup. The monolithic TPPMgSLT crystal has presented high efficiency and high intracavity power density capability and low loss for high-Q resonance in the OPO cavity. These features are also important for the future CW OPO-OPA devices and near quantum-limited performance could be expected. In this work, the pump laser has a maximum output power of about 3 W, corresponding to a power density of 45 MW/cm 2 in the experiment, which is much lower than the damage threshold of the MgO:SLT [12, 15] . Therefore, by replacing the pump source with higher power and TPPMgSLT with larger optical aperture, the OPO-OPA scheme can be readily scaled for higher power mid-IR output with high efficiency.
